Recently, the deformation of liquid metals and self-driven liquid metal motors have received extensive close attention because of their wide applications. The construction of self-driven motors is based on the conversion of chemical energy into mechanical energy. Here, the reversible deformation of a mercury drop in NaIO 4 solution was investigated. The self-driven motion of a mercury drop in NaIO 4 /H 2 SO 4 solution was demonstrated for the first time. The mercury drop was oxidized in NaIO 4 solution, and then contacted with a metal foil swimming in an acid environment. The average speed of the mercury motor is 10 cm s
Introduction
The autonomous locomotion of droplets has attracted great interest over the past few decades. Up to now, many motors have been reported and applied in drug delivery 1,2 and smart sensors. 3, 4 These motors rely on external energy to make themselves turn into an asymmetric state and move in solution, including water, 5, 6 acids, 7 bases, 8 hydrogen peroxide.
9,10
However, it is still a challenge to convert external energy 11, 12 into kinetic energy for macroscopic motors because the external energy is unstable. These motors will be affected once the external energy is altered or inaccessible. A self-driven motor can spontaneously convert chemical energy into kinetic energy to induce autonomous locomotion without external energy. Liquid metals have received extensive attention for their unique property of soness, which holds great promise in making exible motors. 13 Compared with traditional motors, [14] [15] [16] liquid metal motors have the exibility of a liquid and the characteristics of metal, which makes them competent to perform special missions under tough conditions. Recently, the deformation of a liquid metal based on gallium under the action of an electric eld was reported. 11, [17] [18] [19] [20] [21] The reversible deformation of the liquid metal between spherical and irregular was realized under electrochemical oxidation and dissolution, which were the prerequisites for the self-driven motor. Besides, liquid metal motors driven by external energy have also been studied. Typically, external physical energy from the surrounding electromagnetic eld, 12 electric eld 22, 23 or light 24 is employed to transform into mechanical energy. A motor based on liquid metal eating Al in NaOH solution moved autonomously with a relatively constant velocity of 5 cm s À1 , which is a huge step forward for the development of self-driven motors. Subsequently, a new method for accelerating the movement of liquid metal was demonstrated in acid solution.
The liquid metal droplets achieved a relatively fast speed through a liquid medium and along predened metallic paths. 25 The driving of the liquid metal by redox was also studied, which was actually equivalent to the deformation of liquid metal. 21 The mercury beating heart system was rst reported by Lippmann, 26 in which a mercury drop sustained a beat in K 2 Cr 2 O 7 /H 2 SO 4 solution. The coupling phenomenon of the mercury heartbeat (MBH) system 27 and the deformation of mercury under the action of an electric eld have been studied, 28, 29 which led to the deepening of the initial mercury breathing phenomenon.
Previous reports of self-driven motors were focused on gallium indium alloys, which need a fusion process of gallium and aluminium foil, and the system for the self-driven motor is an alkaline environment. Besides this, as far as we know, there are no reports of self-driven mercury motors in acid solution. Inspired by previous work, we studied the self-driven mercury motor and the interaction between two mercury drops in NaIO 4 / H 2 SO 4 solution. The motion mechanism of the self-driven mercury motor were discussed. In this work, the actuation mechanism is not exactly the same as in previous reports.
Experiments

Experimental materials
Sodium periodate (NaIO 4 ) was chemically pure and was used as the oxidizing agent without purication. 98% H 2 SO 4 solution was of analytical grade and was commercially obtained from Chain Medicine OM. Deionized water was used for testing experiments. Mercury was covered by an aqueous solution of sulfuric acid and an oxidizing agent solution. All safety recommendations on the handling of mercury were met.
Preparation of solutions
Electrolyte solutions were prepared using deionized (DI) water, 0.05 M NaIO 4 solution and 0.2 M H 2 SO 4 . The pH was measured by pH meter (Ray Magnetic PHS-3c acidity meter).
The deformation of the mercury drop
A mercury droplet was placed in a weighing bottle (40 Â 25 mm), which was lled with electrolyte solutions. 1 mL of 0.05 M NaIO 4 in deionized water was added to form the electrolyte used for the deformation experiment. Plastic tweezers were used for the deformation. Three separated mercury drops were prepared in the weighing bottle (40 Â 25 mm), which was lled with 10 mL deionized water and 0.5 mL NaIO 4 (0.05 M) solution. AN iron nail was immersed in solution and attached to the mercury drops. Then the phenomena of the mercury drops was observed and recorded.
Synthesis of self-driven mercury motor
The designed self-driven motor in this work was made up of a mercury drop and metal foil (aluminium foil and copper foil) in NaIO 4 /H 2 SO 4 solution. Here, the copper foil and aluminium foil were used as fuel.
pH of solution. A mercury droplet was placed in a Petri dish with 10 mL of deionized water and 1 mL of NaIO 4 solution, then acid was added to adjust the pH from 7 to 1. Then the metal foil (copper foil and aluminium foil) was connected with the mercury and the movement of the droplets was observed.
Volume of mercury drop. Using the above solution and experimental process, we used different size mercury droplets (D ¼ 2 mm, D ¼ 3.5 mm) as the research object and observed the velocity of the droplet.
Volume of NaIO 4 solution. A mercury droplet was placed in a Petri dish with 10 mL of deionized water. We added acid to adjust the pH to 2.3 and added 0.1 mL of 0.05 M NaIO 4 every time to the solution. Then the aluminium foil was connected with the mercury and the movement of the droplets was observed.
Temperature of solution. A mercury droplet was placed in a Petri dish with 10 mL of deionized water and 1 mL of NaIO 4 solution, then acid was added to adjust the pH to 2.3. Then the aluminium foil was connected with the mercury. The temperature of the solution was regulated using an ice salt bath. The speed of the mercury motor was recorded.
The interaction between the mercury motor and the mercury drop
We injected a mercury drop to the self-driven mercury motor system, and then observed the phenomena between them.
3 Results and discussion
Deformation phenomenon of mercury drop in NaIO 4 solution
First, we observed the deformation and merging of the mercury drop. We put the mercury drop in a glass container with deionized water to make sure that the mercury drop was covered by deionized water. When NaIO 4 solution was added to the above-mentioned solution, it was found that the metallic luster of mercury disappeared and the shape of the mercury transformed from its original sphere into a at one. The surface tension of the mercury drop was decreased by oxidation. Subsequently, the mercury drop was easy to change into an irregular shape by poking with plastic tweezers, which indicates that the shape of the mercury drop was affected by signicant variations of the surface tension. The snapshots of the irregular shape of the mercury are shown in Fig. 1A . When separated mercury drops were prepared, it was discovered that the iron nail merged these separate metal spheres into a larger sphere in the solution. each other in a row. The iron nail was immersed in solution and attached to the mercury drops. It was observed that these independent mercury droplets merged into a long strip in the solution. The nail remained close to the liquid metal, and then the long strip was transformed into a spherical shape. Moreover, the liquid metal surface was changed from gloomy to metallic luster. According to the theory of interfacial phenomenon, the surface tension controls the shape of the mercury droplet in solution. 30, 31 Surface tension is an inherent properties for liquid metals and external conditions can impact it. Analytically, the mercury drop was oxidized and a thin layer of mercury oxide was produced when we added the NaIO 4 solution to deionized water. The formation of a thin oxide layer led to a decrease of the mercury drop's surface tension. Therefore, the shape of the mercury was affected by NaIO 4 solution without any external energy. The merging of the original separate mercury droplets indicated that the nail played an important role.
According to the theory of free electrons, there are free electrons on the surface of the nails. When the nails were close to the mercury drops, electrons were transferred from the nail to the surface of the mercury, and the quantity of electric charge on the surface of the mercury was changed (the oxide layer on the surface of the mercury drop was reduced by receiving electrons), which promoted the amalgamation of mercury droplets. Thus, the above merging was mainly governed by the changes in surface tension owing to electron transfer. The charge distribution in the process of mercury droplet merging is shown Fig. 2. 
Self-driven mercury motor
Herein, we designed a motor with mercury and metal foils in NaIO 4 /H 2 SO 4 solution. Fig. 3A exemplies a mercury motor swimming autonomously in a circular Petri dish (ESI Movies S1 and S2 †). Here, we used aluminium foil as the fuel because the driven speed of the Hg/Al motor was faster than that of the Hg/ Cu motor (ESI Movies S3 and S4 †). The mercury drop began to move immediately with a quick speed along the wall of the Petri dish when it contacted with the aluminium foil (Fig. 4 and ESI Movie S5 †). The velocity and displacement of this motor within 35 s (about 12 laps) are depicted in Fig. 3C . According to the free electron theory of metals, the interaction between the nucleus of the metal atom and its valence electrons is weak, valence electrons can easily become free electrons which makes the cations accumulate nearby and form an electric double layer (EDL) on the surface of the mercury drop (Fig. 5A) . Aer adding NaIO 4 into the solution, the mercury droplet was oxidized, which changed the shape and electric double layer (EDL) of the mercury drop (Fig. 5B) . Aer putting aluminium foil into the NaIO 4 solution, an oxidation layer was formed on the surface, and the transfer of electrons from the Al to the mercury drop was prevented owing to the oxidation layers on the surface of Al (Fig. 5C) ; therefore, the mercury drop cannot move in this condition. We added a drop of H 2 SO 4 to the solution. The mercury drop with aluminium foil began to spontaneously move without any external energy. It can be seen that the shape of the mercury was recovered to a certain degree. We speculated that the mercuric oxide and alumina reacted with H 2 SO 4 , and the decrease of the oxide layer accelerated the electron transfer from the aluminium foil to the mercury, which caused the motor to move immediately. Therefore, the dissolution and formation of the oxide layer reached a dynamic equilibrium in NaIO 4 /H 2 SO 4 solution ( Fig. 5D and E) .
The forces on the mercury drop were analysed (Fig. 4C ) in order to further investigation of the movement. Theoretically, there are two kinds of force present on the mercury drop: one of the forces was driving and another was resistance, which includes friction from the wall (F w ), the bottom of the dish (F b ) and the solution (F s ). In fact, the movement of the mercury was caused by F d , which is the surface tension difference between the head and rear of the mercury drop. The surface tension difference was caused by the asymmetrical distribution of the charge on the surface of the mercury drop. 23 The asymmetrical distribution of the charge can be attributed to two aspects. When the aluminium foil connected with the mercury drop, the oxide layer on the surface of the mercury drop near the aluminium foil was reduced. The surface tension at this end (rear) of the motor transient increased owing to losing the oxide layer. Therefore, a pressure difference was produced. Apart from this redox reaction, an Al/Hg galvanic cell was formed using aluminium foil as the cathode and mercury as the anode. The direct connection of two electrodes leads to a short circuit. The internal electrons directly owed from aluminium to mercury, and gathered more electrons near the aluminium (rear). The electron transfer changed the distribution of the charges across the EDL, causing the potential difference (V) along the mercury surface and causing the surface tension (g) gradient of mercury to drop (Fig. 3F) according to Lippmann's equation:
where c is the EDL capacitance, V is the electrical potential across the EDL and g 0 is the maximum surface tension at V ¼ 0. The large amount of negative charge in the rear leads to a greater surface tension at the rear of motor. Here, the NaIO 4 and H 2 SO 4 played an important role in the process of electron transfer to construct the self-driven motor. The pH value was adjusted to observe its effect on the speed of the motor. The relationship between pH and velocity is shown in Fig. 6 (ESI Movie S6 †) and a small range of pH 2-3 has a signicant impact on the speed of the motor. Here, we used a bit of acid to promote the connection of mercury drops and aluminium foil rather than removing the mercury oxide layer as in previous reports. 25 In this work the mercury skin was mainly removed by aluminium foil. The previously reported redox driving mechanism was based on the electrical formation of a hydrophilic oxide layer. 21 This motor was driven by the surface tension gradient owing to the electron transfer in the redox reaction. The mechanism of electron transfer is different in the two environments (NaIO 4 /H 2 SO 4 and NaOH). The electron transfer in NaOH solution involved the dissolution of Al by NaOH solution promoting Al to lose electrons, and then the electron ow moved from Al to the mercury drop.
8 Thus, the mechanism of this self-driven mercury motor is different from the mechanism that was previously reported. Herein, we present the possible mechanism of the motor as follows:
3.3 Some interesting phenomena between the self-driven motors and mercury droplets
Dynamic behaviors between the self-driven motor (M A1 ) and the liquid metal droplets that were not fuelled with aluminum (M) was observed. There were some interesting phenomena, such as pushing, colliding and bouncing between M A1 and M (Fig. 7 , ESI Movie S7 †). At the beginning, M Al ran along the wall due to the self-driven force, and then M was pushed by M Al along the wall when a head-on collision happened. However, the contact of M Al and M was separated aer they moved 1/3 round the dish together, and the direction of M Al movement was opposite to the previously pushed direction. They acted like two colliding billiard balls because of the electrical repulsion (Fig. 8A ). In the second collision was happened, M contacted with the aluminum foil that was connected with M Al , which was similar to the process of the synthesis self-driven motor (Movie S7 †). A system with two mercury drops on both ends of the aluminium foil was formed owing to the charge difference between the mercury drop and the aluminium foil (Fig. 8B ). They were consolidated to a bigger droplet with aluminium foil present inside (Fig. 8C) . Finally, it kept still on the same spot. We speculated that this phenomenon could be attributed to the formation of a charge balance on the surface of the mercury, which led to the disappearance of the pressure difference on the surface of the mercury (mentioned above); therefore, the selfdriven property disappeared. The phenomenon proved that the self-driven property of the mercury droplet was caused by the potential difference on the surface of the mercury droplets.
Effect of other factors on the performance of the mercury motor
The performance of the motor was affected by several other factors, such as the volume of the motor, the temperature and the oxidant concentration. The volume of the mercury drop is an important factor that affects the speed of the mercury motor. As shown in Fig. 9(A and B) , we observed the self-driven mercury motor (D ¼ 2 mm and D ¼ 3.5 mm) and found that the smaller diameter motor had a faster self-driven speed. According to the Young-Laplace equation, 33 the pressure jump can be represented as:
where g is the surface tension and r is the radius of the motor. Therefore, the surface tension g will affect the nal pressure jump between the water and the liquid metal object. In addition, the radius r also affects the pressure jump according to the equation. Therefore, different volumes of the motor present different speeds. Fig. 7 The interaction of the self-driven motor and mercury droplet moving in NaIO 4 /H 2 SO 4 solution. The concentration of the oxidant directly affects the speed of the mercury motor. Here, we explored the effect of the amount of oxidant on the motor velocity. As shown in Fig. 9C , with the addition of NaIO 4 , the speed of the motor increased gradually. The speed was signicantly improved when the volume of 0.05 M NaIO 4 was greater than 0.3 mL. It was found that the motor has a faster moving speed when the volume of the oxidant is 0.6-0.9 mL. We also investigated the effect of temperature on the motor. Mercury is volatile, so we chose 0-30 C as the temperature test range. The relationship between velocity and temperature is shown in Fig. 9D ; in a certain range, with the increase of temperature, the average velocity of the mercury motor will increase. However, with the further increase of temperature, the surface tension of the mercury drop decreased. Both the assembly and the driving of mercury motor were affected by temperature. So for the mercury motor, the temperature does not have a positive correlation with speed. According to our actual operation, the operating temperature of the motor is better in the range 15-25 C.
Conclusions
In summary, we realized the controllable change of mercury droplet shape and discussed the contribution of the nail for merging of mercury droplets in oxidant solution. The surface tension, which determined the shape and state of the mercury drop, was changed by the oxidant and nails. Meanwhile, the self-driven system based on metal foil and a mercury drop was established in NaIO 4 /H 2 SO 4 solution, the speed of the selfdriven motor reached 10 cm s À1 , and the mechanism of selfdriven motion was investigated in this work. The results demonstrated that the self-driven force was caused by the potential difference on the surface of the mercury droplets, which is affected by the electronic transfer between the metal foil and the mercury drop. Besides, we conrmed that the optimum pH range is between 2 and 3. In addition, the collision and bouncing between the motor and another mercury drop was also investigated in this work. The mechanism of this selfdriven mercury is different from that of the motor in the NaOH system, which dissolved aluminum in liquid metal without an oxidant. Finally, we investigated the factors that affect the performance of the mercury motor. The driving mechanism in this paper provides an idea for investigating self-driven mercury motors, promoting the development of robot design in the eld of self-motion.
